DNA extraction bias is a frequently cited but poorly understood limitation of molecular characterizations of environmental microbial communities. To assess the bias of a commonly used soil DNA extraction kit, we varied the cell lysis protocol and conducted multiple extractions on subsamples of clay, sand, and organic soils. DNA, as well as bacterial and fungal ribosomal gene copies as measured by quantitative PCR, continued to be isolated in successive extractions. When terminal restriction fragment length polymorphism was used, a significant shift in community composition due to extraction bias was detected for bacteria but not for fungi. Pyrosequencing indicated that the relative abundances of sequences from rarely cultivated groups such as Acidobacteria, Gemmatimonades, and Verrucomicrobia were higher in the first extraction than in the sixth but that the reverse was true for Proteobacteria and Actinobacteria. This suggests that the well-known phylum-level bacterial cultivation bias may be partially exaggerated by DNA extraction bias. We conclude that bias can be adequately reduced in many situations by pooling three successive extractions, and additional measures should be considered when divergent soil types are compared or when comprehensive community analysis is necessary.
The vast majority of soil bacteria (1, 7, 27) and fungi (13, 29) cannot be cultured via traditional laboratory techniques and must be identified using molecular methods. Successful characterization of microbial communities is therefore often dependent on DNA that is extracted from the environment. However, extraction of high-quality DNA from soil can be problematic (8, 11, 22, 26) . Commercial DNA extraction kits are now commonly used in the assessment of taxonomic and functional diversity, community composition, and population abundance (e.g., references 19, 21, 23, 25, and 31) . Studies comparing various kits (18, 32) or comparing commercial kits to other methods (2, 10, 24) have shown that DNA yield and purity vary depending on methodology and soil type. While these comparative studies are valuable, it is still unclear to what extent these protocols yield genomic DNA representative of the microbial community found within soil.
Our objective in this study was to optimize and assess the bias of a widely used commercial soil DNA extraction kit. We hypothesized that cell lysis would be enhanced and DNA would be removed from adsorption sites by conducting multiple extractions on a single sample, thereby increasing genomic DNA yield and obtaining a more complete survey of microbial taxa. This hypothesis was tested by (i) varying the extraction protocol and measuring DNA yield for three soils with differing characteristics and (ii) examining extraction bias in the genomic DNA obtained from successive extractions by using an improved method. Analytical replicates rather than biological replicates were used in order to focus strictly on variation and bias introduced through methodology, although multiple soil types were analyzed to determine whether biases detected were consistent.
Soil collection. Soil was obtained from three forested locations with sterile sampling instruments and stored at Ϫ20°C. Soil properties are described in Table 1 .
DNA extraction and quantification. Soil DNA was extracted using a PowerSoil DNA isolation kit (MoBio Laboratories, Carlsbad, CA) in accordance with the manufacturer's instructions except as noted below. For each soil type, we extracted DNA from two analytical replicate samples (250 mg [fresh weight]). An initial extraction, followed by five successive extractions, was conducted on each replicate sample. A successive extraction involved adding new aliquots of bead solution (not including beads) and solution C1 to the soil pellet after initial lysis, centrifugation, and removal of supernatant containing crude DNA extract (i.e., after step 7 in the manufacturer's instructions). Lysis and centrifugation steps were then repeated, resulting in a new supernatant that was subsequently processed separately from previous supernatants. Four cell lysis protocols (treatments) were tested as alternatives to step 5 in the manufacturer's instructions (Table 2 ). All treatments involved incubating soil at 70°C and then bead beating; we also experimented with extended incubation and bead-beating times, freeze treatment at Ϫ80°C before incubation at 70°C, and the use of a GenoGrinder (SPEX CertiPrep, Metuchen, NJ) in place of a vortexer for bead beating. The volumes of unused supernatant at different steps were measured so that final soil DNA concentrations could be corrected for this loss.
All subsequent assays were performed on extracts from both analytical replicate soil samples for each soil type. Extracted DNA concentration was quantified with Quant-iT PicoGreen fluorescent stain (Invitrogen, Carlsbad, CA) by using a Synergy 2 microplate reader (BioTek, Winooski, VT) in accordance with the manufacturer's instructions. All DNA extracts were diluted to 1.25 ng/l for subsequent analyses.
Pulsed-field gel electrophoresis. DNA shearing was assessed using a CHEF-DR III pulsed-field electrophoresis system (Bio-Rad, Hercules, CA). Samples were run in a 1.0% pulsedfield certified agarose gel (Bio-Rad) in 0.5ϫ Tris-borate-EDTA buffer for 15 h at 6 V/cm and an angle of 120°, using a 1-s initial switch time and a 6-s final switch time. DNA fragment size was estimated by comparison to the Lambda ladder pulsed-field gel marker (1,018.5 to 48.5 kbp) and the Lambda DNA/PstI (11.5 to 2.4 kbp) markers (New England Biolabs, Ipswich, MA).
qPCR. Copy numbers of bacterial and fungal small subunit ribosomal genes were quantified by quantitative PCR (qPCR) with an Mx3005P thermocycler (Stratagene, La Jolla, CA). The qPCR conditions included 0.2 ng genomic DNA/l, 0.025 U/l Taq DNA polymerase (GeneChoice, Frederick, MD), 3 mM MgCl 2 , 1ϫ ammonium polymerase buffer, 0.16 mM each deoxynucleoside triphosphate (dNTP; New England BioLabs), 10 M each primer (Integrated DNA Technologies, Coralville, IA), and 0.1 g/l bovine serum albumin. SYBR green I was added to give a final concentration of 0.167ϫ. The primers used to amplify small subunit ribosomal fragments in the bacterial assay were Eub338F and Eub518R (12) . In the fungal assay, the primers were FF390 and FR1 (28) . After an initial denaturation (3 min at 95°C), the PCR program consisted of 40 cycles, including an 88°C step for fluorescence quantification (30 s at 94°C, 30 s at 57°C, 90 s at 72°C, and 33 s at 88°C), followed by a 7-min extension at 72°C and a melting curve analysis. Copy number was quantified by comparing the cycle at which fluorescence crossed a threshold to a standard curve constructed using a serial dilution of a plasmid containing an appropriate template. Assays were performed in duplicate for each sample, with standards and negative controls included in each run. Efficiency of amplification in each reaction was estimated using the method of Kontanis and Reed (15) .
Community analysis by T-RFLP. PCR for terminal restriction fragment length polymorphism (T-RFLP) was run in a DNA Engine Dyad cycler (Bio-Rad). Amplification of the bacterial 16S gene was conducted with the primers 1392R and Eub338F-0-III, the latter of which was labeled with 6-carboxyfluorescein (6) . PCR was performed using 24 to 27 cycles under conditions identical to those described above for qPCR except that SYBR green I was not included and there was no 88°C step. Amplification of the fungal internal transcribed spacer region was conducted using primers NLB4R and NSI1F, the latter of which was labeled with 6-carboxyfluorescein (20) . Fungal PCR was conducted using 0.02 to 0.12 ng of genomic DNA/l, 0.03 U/l Taq DNA polymerase, 2 mM MgCl 2 , 1ϫ ammonium polymerase buffer, 0.2 mM each dNTP, and 0.5 g/l bovine serum albumin. The PCR program consisted of a 3-min initial denaturation at 95°C; 30 to 35 cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 90 s; and a 7-min final extension at 72°C. Cycle number was varied for samples to obtain a strong band without nonspecific amplification. PCR products were run on a 1.5% agarose gel to confirm successful amplification. Triplicate PCRs were pooled prior to restriction digestion.
PCR product was digested overnight at 37°C with 10 units of HaeIII (New England Biolabs). Digests were purified with QIAquick nucleotide removal kits (Qiagen, Valencia, CA). Digested PCR products were sent to the Ohio State Plant Microbe Genomics Facility for fragment analysis by use of an Applied Biosystems 3730 DNA analyzer with a LIZ1200 size standard and minimum peak height of 50 fluorescence units. Peaks between 50 and 600 bp were included in the analysis if they represented Ͼ1% of the cumulative peak height for the sample.
Pyrosequencing. Partial bacterial 16S rRNA gene sequences were obtained from each replicate of the first and the sixth extracts of sand and clay soils by using the coded-primer approach to multiplex pyrosequencing (3) . PCR amplification of the hypervariable V4 region of the 16S rRNA gene was performed using 8-bp key-tagged eubacterial primers 563F and 802R (http://wildpigeon.cme.msu.edu/pyro/help.jsp). PCR mixtures contained 1 M each primer (Integrated DNA Technologies), 1.8 mM MgCl 2 , 0.2 M dNTPs, 1.5ϫ bovine serum albumin (New England Biolabs), 1 unit of FastStart high-fidelity PCR system enzyme blend (Roche Applied Science, Indianapolis, IN), and 10 ng of a DNA template. The PCR program consisted of a 3-min initial denaturation at 95°C; 30 cycles of 95°C for 45 s, 57°C for 45 s, and 72°C for 1 min; and a 4-min final extension at 72°C. For each sample, amplicons of three replicated PCRs were recovered using a QIAquick gel extraction kit followed by a QIAquick PCR purification kit (Qiagen). Equimolar amplicons were combined and submitted to pyrosequencing using a Genome Sequencer FLX system (454 Life Sciences, Branford, CT) at the Michigan State Uni- .edu/pyro/index.jsp). Qualified sequences were clustered into operational taxonomic units (OTUs) defined by 95% similarity using complete-linkage clustering and were assigned to phyla by the RDP-II classifier using a 50% confidence threshold (30) . Sequences that could not be classified into a phylum at this level of confidence were excluded from subsequent phylum composition analyses. Statistical analysis. Number of ribosomal copies per ng DNA and weighted average fungal-to-bacterial-gene-copy ratio were analyzed by mixed-model analysis of variance using SAS Proc Mixed (SAS Institute, Cary, NC). Soil subsamples were designated as subjects, with individual extractions treated as repeated measurements. qPCR data were log transformed prior to analysis in order to stabilize variance. The effects of extraction step, soil type, and the interaction between the extraction step and the soil on the community composition (T-RFLP profile, phylum, and OTU composition) were analyzed by redundancy analysis with Canoco software (Microcomputer Power, Ithaca, NY). Relative abundances were square root transformed, resulting in analysis of Hellinger distances between samples (5, 17). Statistical significance was determined using 999 random permutations of sample identity.
DNA yield and shearing from four DNA extraction methods. Regardless of soil type or treatment, substantial quantities of DNA were isolated with successive extraction steps (Fig. 1) . For organic and clay soils, treatment 4 (using a GenoGrinder and freeze-thawing) cumulative yields were higher than those obtained with all other treatments for all extraction steps. Treatment 4 cumulative yields also approached an asymptote more quickly than those obtained with other extraction treatments, with ϳ80% of maximum DNA yield being reached in three extraction steps (Fig. 1) . Liquid was entrained in the soil pellet after each extraction (22%, 26%, and 35% for clay, sand, and organic soils, respectively) and could therefore contribute DNA to the next extraction. However, DNA concentrations were consistently twice as high as would be expected due to carryover of DNA for clay and sand soils and 1.5 times as high for organic soils, indicating substantial amounts of DNA released from newly lysed cells at each extraction step. In addition, reduced yields were obtained when, after a single, extended lysis step, repeated "washing" of the soil pellet with extraction buffer was performed in place of heating or bead beating (data not shown).
These results are similar to those reported by Bürgmann et al. (9) , who also performed multiple extractions on individual soil samples. In our case, however, the more vigorous procedure resulted in only slightly more shearing of genomic DNA visible on pulsed-field gel electrophoresis gels in first extracts, and less shearing in sixth extracts, than the vortexing procedure recommended by the manufacturer (all fragments between 5 and 50 kb; data not shown). Total extracted DNA has been used as an index of soil microbial biomass, but Leckie et al. (16) found no correlation between DNA extracted and biomass as measured by phospholipid fatty acid or chloroform fumigation extraction. Our results suggest that this lack of correlation may be due to different degrees of incomplete cell lysis in single DNA extractions in different soils.
More-detailed characterizations, described below, were performed on DNA extracts from treatment 4 because this treatment performed the best at quantitatively extracting DNA from soil.
Bacterial DNA in successive extractions. Similar to the case for DNA yield, numbers of cumulative bacterial ribosomal gene copies/g soil leveled off after one to three extraction steps ( Fig. 2A) . Bacterial qPCR efficiency was not significantly affected by soil type or extraction step (mean ϭ 0.88). The only indication of potential damage to DNA in later extractions was a significant (P ϭ 0.003) decline in number of bacterial ribosomal copies/ng genomic DNA (data not shown). However, these declines in number of ribosomal copies/ng genomic DNA could also result from a shift in the microbial community from which DNA was extracted, for example, toward organisms with fewer ribosomal gene copies.
Analysis of T-RFLP profiles indicated that extraction of bacterial genomic DNA was biased, particularly in clay and sand soils. Extraction step explained a significant portion of bacterial community profile variability (P ϭ 0.012; variance explained ϭ 13%), with soil type also explaining a large portion (P ϭ 0.01; variance explained ϭ 47%). This is evident in the canonical ordination plot displaying soil type and extraction step effects (Fig. 3A) , where gradients in clay and sand ordination scores are directly related to extraction step. The interaction between the soil and the extraction step was not significant for bacterial community profiles. When soils were analyzed individually, extraction step was significant in clay and sand soils (P Ͻ 0.05) but not significant in organic soil. The theoretical T-RFLP profile that would have resulted if DNA extractions were pooled prior to PCR is represented by the average T-RFLP profile weighted by the proportion of DNA obtained in each extract. Figure 3A shows that the weighted average profile of all six extractions lies between the profiles of extractions 1, 2, and 3 and is very similar to the weighted average profile of the first three extractions.
To obtain a detailed taxonomic understanding of the bacterial community composition bias associated with DNA extraction, we performed pyrosequencing of 16S rRNA gene PCR amplicons from the first and sixth DNA extracts of duplicate subsamples of clay and sand soil. Soil type and extraction step affected the taxonomic composition of DNA extracts at the phylum and OTU levels. The interaction between the soil and the extraction step was significant only at the level of OTUs (Table 3 ). There was a greater level of unexplained variation in OTU composition than there was in phylum composition, primarily due to the greater amount of variation explained by the extraction step for phylum composition (Table 3) . For both clay and sand soil, the phyla Acidobacteria, Gemmatimonades, Nitrospira, Verrucomicrobia, OD1, TM7, and WS3 were strongly affiliated with the first extraction, whereas Actinobacteria and Planctomycetes were affiliated with the sixth extraction (Table 4) . Proteobacteria abundance was also higher in the sixth extraction, although this was not significant at the P level of 0.05. It is interesting to note that phyla representing two of the historically important cultivatable groups from soil, Actinobacteria and Proteobacteria (14) , had much higher abundance in the sixth extraction than in the first (Table 4 ). In contrast, groups often detected using molecular methods but rarely cultivated from soil were approximately half as abundant in the sixth extraction as they were in the first (except Planctomycetes), suggesting that some measurements of cultivation bias in soil bacteria may be enhanced by a reciprocal DNA extraction bias. Between 1,531 and 3,106 sequences were obtained per sample, resulting in 547 to 996 OTUs per sample. The average sequence length was 207 bp.
Fungal DNA in successive extractions. Results for fungi were quite different from those for bacteria. Cumulative numbers of fungal ribosomal gene copies/g soil reached an asymptote by three extractions in clay and sand soil but continued to increase in organic soil (Fig. 2B) . Numbers of fungal gene copies/ng genomic DNA decreased with successive extractions in clay and sand soil but increased in organic soil (data not shown), indicating that there was a bias against extraction from fungi in the early extraction steps in this soil. This effect of organic soil is unlikely to be due to binding of released DNA to organic matter, because total DNA and bacterial ribosomal copy number/g soil both reached asymptotes for organic soil. We hypothesize that there is a greater degree of protection of fungi in organic soil due to growth within small organic particles that must be disrupted before the fungal cells are lysed. Alternatively, the fungal community in organic soil may be such that their cell walls are more difficult to disrupt than those of fungi in other soils, although there is no a priori reason to expect that this would be the case. Organic soil had significantly greater numbers of fungal gene copies/ng DNA than other soils (P Ͻ 0.0001); however, the extraction step and the interactions between the extraction step and the soil were not significant, primarily due to variability between organic soil replicates. Fungal qPCR efficiency was not significantly affected by soil type or extraction step (mean ϭ 0.76).
No extraction bias in fungal community composition was detected using T-RFLP (Fig. 3B) . Soil type had a significant effect on fungal T-RFLP profiles (P ϭ 0.001; variance explained ϭ 65%), whereas extraction step had no effect (P ϭ 0.645) (Fig. 3B) . The interactions between the soil and the extraction step were not significant for fungal community profiles, and the extraction step was also not significant for any soil analyzed individually.
Fungus-to-bacterium ratio. Despite the continued increase of fungal ribosomal copy numbers in organic soil, the weighted average ratio of fungal to bacterial ribosomal copies was quite stable in all soils after the second extraction, although it increased slightly for organic soil at extraction step 6 (Fig. 4) . Due to differences between bacteria and fungi in PCR efficiency and ribosomal gene copy numbers per genome, we interpret the ratio of fungal to bacterial ribosomal genes as an index of fungus-to-bacterium ratio for comparative purposes rather than an indication of actual biomass ratio. Weighted average fungus-to-bacterium ratio was significantly affected by soil (P Ͻ 0.0001). The effects of the extraction step and the interaction between the soil and the extraction step were not significant.
Conclusions. We have found that substantial quantities of DNA are not extracted with a commonly used DNA extraction procedure. This results in biased estimates of DNA quantity, ribosomal copy number, and bacterial community composition. Although the composition of the sixth extraction represents a low overall proportion of the total DNA that can be extracted from a soil, this is the first suggestion that the reported severity of phylum-level cultivation bias (14) may be inflated by DNA extraction bias.
Because the majority of DNA is obtained within the first few extractions, this bias can be greatly reduced for some analyses by pooling three successive extractions. The weighted average T-RFLP profile of all six extractions was closely approximated by the weighted average of the first three extractions. Also, except in one case, cumulative ribosomal gene copy number did not increase substantially after three extractions. Comparisons of soils based on single DNA extractions may still be valid but should be recognized as representing an easily lysed portion of the community and possibly confounded by differences in extraction bias between mineral and organic soils. In addition, a complete characterization of the bacterial diversity or taxonomic makeup of a soil sample through sequencing (e.g., reference 23) would not be possible without analysis of additional DNA extractions. Diversity (e.g., OTU richness) present in a late, low-concentration extraction is not masked (or diluted out) by pooling with other DNA extracts in the same way as in community profiles (4), because counts and presence/ absence are not weighted by abundance.
Nucleotide sequence accession numbers. Sequences have been submitted to GenBank under accession numbers FJ240440 to FJ247115, FJ250290 to FJ261916, and GQ217543 to GQ219563. a Bold type indicates phyla that have critical t values closer to 0 than the t value for the extraction step in this redundancy analysis (0.63). This indicates that the extraction step is a significant predictor for the abundance of bolded phyla.
b Sequence classification into phyla was based on the RDP-II classifier at 50% confidence (30) .
c Relative abundances are averaged across sand and clay soil samples. 
